All organisms universally encode, synthesize and utilize proteins that function optimally within a subset of growth conditions. While healthy cells are thought to maintain high translational fidelity within their natural habitats, natural environments can easily fluctuate outside the optimal functional range of genetically encoded proteins. The hyperthermophilic archaeon Aeropyrum pernix (A. pernix) can grow throughout temperature variations ranging from 70 to 100
INTRODUCTION
Accurate protein synthesis requires exceptional fidelity in the processes that convert the amino acid sequence specified within DNA into proteins. Although errors occurring during DNA and mRNA synthesis have the potential to cause mistranslation, inaccuracies are far more common during protein synthesis process itself (1) . Accurate translation not only requires correct tRNA selection by the ribosome, but also the correct ligation of amino acids to cognate tRNAs by aminoacyl-tRNA synthetases (aaRSs) (2) . The catalytic sites and editing domains of aaRSs help ensure that only cognate amino acids are used in the aminoacylation reaction in order to prevent tRNA mischarging and subsequent mistranslation (3) .
Although mistranslation is generally considered a deleterious occurrence, mistranslation in mammalian cells can be induced by reactive oxygen species and has been shown to be useful for oxidative stress tolerance (4) (5) (6) . Furthermore, artificial mistranslation in mycobacteria increases antibiotic resistance (7) , while artificially constructed mistranslation in Candida albicans can reduce phagocytotic killing by macrophages and increase antifungal resistance (8) (9) (10) , and artificial mistranslation has also been shown to increase tolerance to oxidative stress in E. coli (11, 12) . Additionally, mistranslation has been found during varying culture conditions in Saccharomyces cerevisiae (13) , Bacillus subtilis (14) and Mycobacterium smegmatis (7, 15) , although the benefit of such mistranslation remains unknown.
Genetically encoded proteins from hyperthermophilic organisms have extreme rigidity mediated by salt bridges and strong hydrophobic interactions in order to maintain their structure and function at high temperatures (16, 17) . Although hyperthermophiles are capable of growth far below the optimal functional temperatures of their genetically encoded proteins (18) , low temperatures can inhibit thermophilic enzymes by precluding the degree of flexibility they require to function (19) . Here, we discover that the hyperthermophilic archaeon, Aeropyrum pernix (A. pernix) globally mistranslates leucine (Leu) to methionine (Met)--a substitution specifically shown to increase protein flexibility (20, 21 )--during low-temperature growth where the rigidity of genetically encoded proteins could compromise function. Leu-to-Met mistranslation is facilitated by misacylation of tRNA Leu with Met by the methionyl-tRNA synthetase (MetRS). We identify mistranslated A. pernix proteins by mass spectrometry, including Leu-to-Met mistranslated citrate synthase. Remarkably, natural A. pernix citrate synthase synthesized during lower translational fidelity at low growth temperature has greater activity at lower temperatures than its counterpart synthesized during high translational fidelity at high growth temperature. Our results demonstrate the utility of natural mistranslation for adjusting the function of proteins for relevant nonoptimal growth conditions encountered in natural environments without the burden of additional genes.
MATERIALS AND METHODS

A. pernix cultivation
A. pernix was obtained from The Leibniz Institute DSMZ (German Collection of Microorganisms and Cell). A. pernix was grown in a medium containing 1 g Difco yeast extract, 5 g tryptone and 1 g Na 2 S 2 O 3 •5H 2 O per 1 l of synthetic sea water (34 g/l Sigma sea salts). Yeast extract and tryptone were added to the synthetic sea salt solution and autoclaved. Filter sterilized Na 2 S 2 O 3 •5H 2 O was then added to the basal medium. Growth occurred at 75 or 90
• C, 180 rpm in a shaking glycerol bath in an erlenmeyer flask with a 5:1 flask:medium ratio.
Pulse labeling
A total of 50 ml midlog cultures (OD 660 ∼0.2) were pelleted for 5 min at 2500 g and resuspended in the initial culture volume in a medium containing 1 mM of all amino acids -Met and 1 g Na 2 S 2 O 3 •5H 2 O per 1 l of synthetic sea water and growth continued for 1 h. Cells were pelleted for 5 min at 2500 g and resuspended in 300 l of the medium supernatant and were pulse labeled with 1 Ci/l 35 S-Met for 4 min at the growth temperature before addition of 400 l of ice cold 0.3 M NaOAc/HOAc, 10 mM EDTA pH 4.8 and placement on ice. Cells were pelleted briefly at 4
• C and washed once in 0.3 M NaOAc/HOAc, 10 mM EDTA pH 4.8. Cells were then lysed in 0.3 M NaOAc/HOAc, 10 mM EDTA, 0.5% SDS pH 4.8. RNA was then extracted from lysed cells a total of three times by adding 400 l acetate saturated phenol chloroform pH 4.8 followed by 1 min of vortexing and 5 min of centrifugation at 17 000 g at 4
• C before ethanol precipitation. RNA pellet was suspended in 10 mM NaOAc/HOAc, 1 mM EDTA pH 4.8.
Microarray analysis
tRNA microarray analysis and controls were performed as previously described (22, 23) . For cross-hybridization control, 100 pmol of unbound eMet and iMet probes were added to the RNA hybridization mix prior to array loading. For thio-modification control, tRNA was deacylated with 0.1 M Tris-HCl pH 9.0 at 37
• C for 30 min before loading on the array. A. pernix specific array was created using tRNA sequences obtained from the Genomic tRNA database (24) .
Expression and purification of A. pernix proteins
Recombinant MetRS and citrate synthases were expressed from a pET28a expression plasmid containing the A. pernix gene under IPTG control. Constructs were transformed into BL21 E. coli and cells were grown at 37
• C at 200 rpm in terrific broth with 50 g/ml kanamycin. IPTG (1 mM) was added at OD 600 of 0.8 and expression continued for 4 h before harvest. Cells were resuspended in 125 mM NaCl, 25 mM Tris-HCl pH 7.5, 20 mM imidazole before lysis and removal of cell debris by centrifugation. Enzymes were purified via elution from a Ni-NTA column using 75 mM, 200 mM and 500 mM imidazole fractions. Eluted fractions were analyzed via SDS-PAGE and the purest fractions were dialyzed overnight in 125 mM NaCl, 25 mM Tris-HCl pH 7.5. Dialyzed samples were concentrated with centrifugal filters.
Purification of A. pernix tRNAs
Large midlog A. pernix cultures were pelleted by centrifugation and lysed in 0.3 M NaOAc/HOAc, 10 mM EDTA, 0.5% SDS pH 4.8. RNA was extracted by adding an equal volume of acetate saturated phenol chloroform pH 4.8 followed by 1 min of vortexing and 5 min of centrifugation at 17 000 g at 4
• C before ethanol precipitation of aqueous phase. tRNA was purified by running RNA pellets on an 8% denaturing polyacrylamide gel and cutting type I and type II tRNA bands identified through UV shadowing. tRNA was eluted in 200 mM KCl/50 mM K-acetate, ethanol precipitated, resuspended in water and refolded prior to the charging reaction.
In vitro aminoacylation reactions
Reactions were performed in 20 l containing 1 M MetRS, 10 g total A. pernix tRNA, and 2.5 Ci/l 35 SMet, 2 mM ATP, and 1mM DTT in 50 mM HEPES-KOH pH 7.5, 100 mM potassium glutamate and 10 mM magnesium acetate. Reactions were run for 10 min at 75 or 90
• C and were stopped by adding 45 l 0.3 M NaOAc/AcOH, 10 mM EDTA pH 4.8 and an equal volume of acetate saturated phenol/chloroform. Mixture was centrifuged for 5 min at 17 000 g and 4
• C before removal of aqueous layer and ethanol precipitation of the RNA and resuspension in 10 mM NaOAc/AcOH, 1 mM EDTA pH 4.8.
Mass spectrometry
Total A. pernix protein sample were prepared by pelleting a midlog A. pernix culture grown at 75
• C and washing pellet in 50 mM ammonium bicarbonate (NH 4 HCO 3 ), 0.5 M NaCl prior to cell lysis in 50 mM ammonium bicarbonate (NH4HCO3) and removal of cell debris by centrifugation. Sample was digested with 1 g of trypsin at 37
• C overnight, acidified and dried before injection into LTQ-Orbitrap Velos Pro (ThermoFisher Scientific, Waltham, MA, USA) coupled with a nanoLC Ultra (Eksigent, Dublin, USA). The protein digests were first loaded onto a trap column and peptide separation was carried out on a C 18 column. The Orbitrap mass analyzer was operated in positive ionization mode using collision induced dissociation (CID) to fragment the HPLC separated peptides. All MS/MS samples were analyzed using Protein Prospector (http://prospector. ucsf.edu/). Protein Prospector was set up to search an A. pernix protein library containing protein sequences for all annotated A. pernix genes. Oxidation of methionine, carbamidomethyl of cysteine, N-terminal acetylation and Met loss, and leucine to methionine substitutions were specified as variable modifications. Since the sample was derived from crude lysate, the data set was also searched for spectra with potassium and sodium adducts.
Citrate synthase assays
A. pernix lysates were created by pelleting 75 or 90
• C midlog cultures and resuspending the pellets in 125 mM NaCl, 25 mM Tris-HCl pH 7.5. Cell debris was pelleted and supernatants were removed and protein concentration was measure via Bradford assay and was standardized to 200 g/ml. Spectrophotometric citrate synthase assays were performed in 80 l reactions containing 500 M oxaloacetate, 100 M DTNB, 25 M Acetyl-CoA, 5 mM triethanolamine-HCl pH 8.0, 100 mM Tris-HCl pH 8.0 as previously described (25) . Lysate (5 l) was added to preheated reaction components (60, 80 or 100
• C) and aliquots were removed and placed on ice to stop the reaction. Absorbance at 412 nm was measured for the aliquots and reactions slopes were calculated and converted to citrate synthase enzyme units.
RESULTS
A. pernix misacylates Met to tRNA Leu at low growth temperatures
To determine whether mistranslation could be employed during physiologically relevant nonoptimal growth conditions in archaea, we assayed for tRNA misacylation with methionine in the hyperthermophilic archaeon Aeropyrum pernix. A. pernix grows optimally at 90
• C, yet it is capable of growth between 70-100
• C (26) and we took advantage of this large growth range to determine whether mistranslation played a role in this high level of adaptability. We examined mistranslation occurring at the level of tRNA mischarging using previously established 35 S-methionine (Met) pulse labeling in combination with tRNA microarray analysis (5,13). The fidelity of tRNA charging reactions for 35 S-Met pulse-labeled samples can be determined by using tRNA microarrays to separate tRNA isoacceptors and subsequent phosphorimaging can determine which tRNAs were aminoacylated with 35 S-Met. Using custom designed tRNA microarrays that contain complementary DNA probes for all A. pernix tRNAs, we assayed Met charging fidelity at the optimal 90
• C growth temperature and a substantially lower 75
• C growth temperature. Remarkably, tRNA Leu are specifically misacylated at 75
• C, but not at 90
• C ( Figure  1A-C Figure 1D ). In total, about 2% of total Met is charged to tRNA
Leu during growth at 75
• C. This total misacylation fraction is comparable to those in the mildly stressed mammalian cells (5) . We ensured that 35 S-Met signals emanating from tRNA Leu probes were not due to tRNA Met crosshybridization by adding excess free iMet and eMet array probes to the hybridization mixture and observing no change in the tRNA Leu signal ( Figure 1E ). Complete removal of tRNA Met signal was difficult due to its overabundance, so we quantified the signals from the Met blocked array and found that tRNA Met signals are reduced approximately 10-fold, while tRNA Leu signals remain unchanged ( Figure 1F ). Additionally, we excluded the possibility of signal from 35 S-thio tRNA nucleotide modifications by chemical deacylation of the amino acids ligated to tRNAs prior to array hybridization ( Figure 1G) .
A. pernix methionyl-tRNA synthetase (MetRS) specifically misacylates tRNA Leu at lower temperatures in vitro
To elucidate the biochemical process responsible for the temperature dependent mischarging of tRNA Leu at lower temperature, we characterized the charging fidelity of purified, recombinant A. pernix MetRS using purified total A. pernix tRNA. The recombinant MetRS enzyme misacylates several non-Met tRNAs in vitro at both 75
• C and 90
• C (Figure 2A and B) . However, misacylation of tRNA Leu only occurs appreciably during in vitro charging at 75
• C, but not 90
• C ( Figure 2C ). We quantified the array signals from tRNA Leu ( Figure 2D ) and found that about 5-fold more Met is charged to LeuBAG tRNAs at 75
• C compared to 90
• C. Additionally, about 2-fold more Met is charged to LeuYAA tRNAs at 75
• C compared to 90 (13, 27) , indicating that additional controls for mischarging are present in vivo. Using Clustal alignment, we were unable to determine any tRNA Met similarities or common identity elements (28) in these mischarged tRNA species that were not present in other non-Met tRNAs not mischarged by MetRS in vitro. Nonetheless, we quantified the total signal from these other non-Met tRNA species and found that they are misacylated identically at 75
• C ( Figure  2E ). Taken together, these data suggest that temperature dependent MetRS fidelity plays an important role for the conditional mischarging of tRNA Leu at lower temperature in vivo.
In vivo Leu-to-Met mistranslated proteins
We next verified that mischarged tRNA Leu are indeed used in translation via mass spectrometry analysis on whole cell A. pernix lysate growing at 75
• C to identify in vivo Leuto-Met substitutions. We found several Leu-to-Met events within A. pernix cells growing at 75
• C within different proteins ( Figure 3 . Because of their low abundance, mistranslated peptides are difficult to detect via mass spectroscopy, and quantitation is nearly impossible due to the limitations in proteome coverage. We were able to find 4 high-confidence Leu-to-Met substitutions from 715 spectra that matched to 312 A. pernix proteins. This detection ratio of 0.56% (4/715) is similar to the amount of Met-substituted peptides found in yeast among the proteins in glycolysis and fermentation (0.66%, (13) ).
Of the Leu-to-Met substitutions identified in vivo, we focused on Leu-to-Met substitution in citrate synthase (Figure 3A) to investigate the effects of low-temperature mistranslation on enzymatic activity since this enzyme has already been extensively used as a model for the structural basis of thermostability in hyperthermophiles (29) (30) (31) . Interestingly, mesophilic proteomes have greater Met content than hyperthermophilic proteomes (32) . Similarly, there is greater Met content in the mesophilic citrate synthases compared to hyperthermophilic citrate synthases (29) , which substantiates the rationale for Leu-to-Met mistranslation during low-temperature growth in A. pernix.
The in vivo citrate synthase Met substitution we detected via mass spectrometry resided at Leu residue 20. To determine approximately where the detected Leu20-to-Met residue resides within citrate synthase, we analyzed the citrate synthase crystal structure from the related crenarchaeon Sulfolobus solfataricus. Citrate synthase from S. solfataricus (and all crystalized citrate synthases from archaea) are homodimers. We mapped the Met substitution identified in A. pernix to the dimerization interface ( Figure 4A ). This residue becomes almost completely buried once the enzyme dimerizes and may therefore increase flexibility between the citrate synthase subunits by altering subunit contacts through a change from a branched (Leu) to a straight (Met) hydrophobic side chain. Interestingly, mutations at the dimerization interface in an archaeal hyperthermophilic citrate synthase have previously been shown to significantly destabilize the enzyme as well as reduce its temperature optimum for function (33, 34) .
Citrate synthase synthesized during Leu-to-Met mistranslation has greater low-temperature activity
We next tested whether temperature dependent mistranslation could indeed adjust the protein activity in a temperature dependent manner. We first assayed the enzymatic activity of the purified, recombinant A. pernix wild-type and L20M mutant citrate synthases using in vitro assays, and did not find appreciable differences in their enzymatic activities across various physiologically relevant temperatures (Figure 4B ). This assay using recombinant proteins, however, is unlikely to reflect the mistranslated citrate synthase enzymes present in A. pernix cells. First, the natural enzyme is likely a mixture of homo and heterodimers of the wild-type and the L20M mutant, whereas the recombinant enzymes are only homodimers. Second and more importantly, the A. pernix citrate synthase has 33 leucine residues and the in vivo Leu-to-Met mistranslated enzymes are likely a diverse mixture of mistranslated protein variants, each containing a Leu-to-Met substitution at distinct locations. Only one variant was detected in our mass spectrometry analysis due to the inherently low coverage of mistranslated peptides.
For these reasons, we performed the same in vitro citrate synthase assay on A. pernix cell lysates obtained from both 75
• C growth, representing a high and a low mistranslation condition, respectively, in order to determine the citrate synthase activities of the naturally mistranslated enzyme and how this activity is affected by temperature. To establish that there were no significant differences in citrate synthase abundance between the lysates, we ensured the citrate synthase activity was equivalent at 80
• C in our assay, which represents a moderate temperature for activity where Leu-to-Met mistranslation should neither be markedly beneficial nor deleterious ( Figure 4C ). However, when assayed at 60
• C, the citrate synthase activity from the 75
• C mistranslated lysate is 1.5-fold higher than the 90 • C high-fidelity lysate ( Figure 4C ). Conversely, when assayed at 100
• C, the high-fidelity lysate has 1.35-fold higher activity. Targeted mutations in recombinants proteins that compromise protein activity or stability at higher temperatures to create more flexibility and increase activity at lower temperatures have been reported for several other thermophilic enzymes (35) (36) (37) (38) (39) . The lower citrate synthase activity of the high-fidelity protein at 60
• C or the lower activity of the lowfidelity protein at 100
• C can be either due to decreased enzyme activities or reduced level of correctly folded proteins or a combination of both. In any case, the net result of activity or folding change is that the mistranslated citrate synthase has a higher activity at lower temperatures. The distinct property of the Leu-to-Met mistranslated citrate synthase demonstrates that mistranslated enzymes can naturally have greater activity at lower physiological temperatures than their genetically encoded counterparts.
DISCUSSION
All organisms have a repertoire of proteins encoded within the genome that help facilitate adaptation to varying conditions. Some organisms also contain multiple genes for the same differentially adapted protein. Although useful, maintaining multiple genes for differential adaptation can be costly and require transcriptional programming to respond to environmental conditions. The alternative, Leu-to-Met mistranslational strategy of altering the genetically encoded proteins described here offers another way for cells to optimize their protein activity to current conditions without the burden of added genes (6) . In addition, adaptation via tRNA misacylation can be activated much more quickly because the MetRS can simply respond to temperature in the case of A. pernix and charged tRNAs can turn over in a matter of seconds in cells (40) .
Naturally inducible mistranslation via tRNA misacylation with methionine was first described in mammalian cells and was shown to benefit cells under oxidative stress (4, 5) . Our work here extends a variation of this adaptive mechanism to the archaeal domain and provides another function for Met mistranslation. The Leu-to-Met mistranslation in response to lower temperatures makes a very specific alteration to the hyperthermophilic proteins encoded within the A. pernix genome. High thermostability in proteins is mostly conferred through increased electrostatic and hydrophobic interactions, but the alterations in thermostable proteins that facilitate the rigidity required to maintain protein structure at high temperatures (32) can prevent the requisite flexibility for function at lower temperatures (19) . A Met-to-Leu exchange would be capable of disrupting the robust stabilizing interactions within thermophilic proteins, since the Met side chain has a similar volume as Leu, but it is more flexible and has more degrees of freedom. An obvious disadvantage of inducible mistranslation for any amino acid substitution is the potential of generating protein mu- tants that can form harmful aggregates. This disadvantage may be minimized through the specific use of mistranslation with Met, which has a side chain that is both hydrophobic and polar and therefore can be utilized in both the interior and exterior of proteins.
Leu-to-Met substitutions have already been experimentally shown to decrease protein stability without drastically altering enzymatic activity (20) . In fact, numerous single Leu-to-Met substitutions in T4 lysozyme were sufficient to destabilize the protein, and multiple Leu-to-Met substitutions resulted in even greater loss in protein stability (20, 21) . Furthermore, while rigid hyperthermophilic proteins have reduced Met content (32), extremely flexible psychrophilic proteins--including psychrophilic citrate synthases (41,42)--frequently have greater Met content than their mesophilic counterparts (42, 43) , which corroborates the role of Met for naturally facilitating protein flexibility (42, 44) . Moreover, there are numerous examples of destabilizing mutations in thermophilic proteins which can increase catalysis at lower temperatures by compromising stability at higher temperatures (35) (36) (37) (38) (39) . Therefore, not only are Leu-to-Met substitutions an experimentally validated method to reduce protein stability, but protein destabilization is a validated method to increase enzymatic activity at lower temperatures in thermophilic proteins. Although these biochemical principles have been demonstrated in vitro with recombinant proteins, here we show that A. pernix performs this process naturally to harness the potentially improved activity from protein destabilization when growing at lower temperatures.
Although it is advantageous for the MetRS to perform conditional tRNA Leu acceptance at lower temperatures, it is surprising that the decrease in fidelity is specific for the type II tRNA Leu , which contains an extra variable stem-loop (45, 46) . Previous studies on bacterial MetRSs have shown that the anticodon sequence CAU is the most important identity element for tRNA Met (27, 47, 48) . Consistent with this basis for tRNA Met recognition, tRNA Leu could be recognized by the A. pernix MetRS on the basis of anticodon sequences that include CAG and CAA which differ by only one nucleotide from the anticodon of tRNA Met . Whether other identity elements independent of the anticodon sequences also mediate or contribute to tRNA Leu recognition by MetRS remains to be determined. Other organisms in the phylum Crenarchaeota which belong to different taxonomic orders have remarkable tRNA
Met and tRNA Leu sequence similarities with A. pernix ( Figure 5 ). Due to the high level of tRNA Leu sequence conservation, the veritable tRNA
Leu identity elements (28, 49) that facilitate their recognition by the A. pernix MetRS may also be present in tRNA
Leu from other Crenarchaeota, perhaps allowing other hyperthermophiles to perform Leu-to-Met mistranslation as well.
In summary, we show that A. pernix can optimize proteins to low growth temperature without the burden of additional genes through Leu-to-Met mistranslation. This process is mediated by global Leu-to-Met substitutions in the proteome, which can destabilize the rigid, genetically encoded proteins in order to adopt a more flexible, mesophiliclike proteome. This response seems to be mediated by the temperature-dependent fidelity of the A. pernix MetRS. We show that the citrate synthase from A. pernix synthesized during Leu-to-Met mistranslation is indeed more active at low temperatures, but is compromised at high temperatures likely due to its destabilization. Global Leu-to-Met mistranslation in hyperthermophiles could allow entire proteomes to achieve greater function at lower temperatures, where increased activity is a greater benefit than extreme thermostability.
